Recent studies indicate major roles for transposable elements (TEs) in alternative splicing. In this study, we conducted genome-wide alternative splicing analyses focusing on new internal exon birth derived from TEs in human, mouse, and zebrafish genomes. We identified two different exon sets, TE-spliced exons and non-TE-spliced exons. The proportion of TE-spliced exons was nearly twice as high as the proportion of non-TEspliced exons in the coding sequence (CDS) region. Detailed analysis of various families of TEs in three different species of TE-spliced exons revealed a different pattern in zebrafish. In our analysis, we could identify the functional role of TE insertions in the vertebrate genome affecting mRNA splicing machinery. Their effects can be directly linked to the shift from constitutive to alternative splicing during primate evolution. Our results indicate that TEs have a significant effect on shaping new internal exons in human, mouse, and zebrafish transcriptomes.
Introduction
Researchers have used bioinformatics analyses to identifying the enrichment of alternative splicing events in certain classes of genes and classify the functional regions affected in an effort to elucidate the impact of alternative splicing [1] . Expressed sequence tags (ESTs) and cDNA sequence databases provide a rich source of information about alternative splicing events occurring in human and mouse transcriptomes. Brett et al. showed that the amount of alternative splicing is comparable among seven different eukaryotes using large-scale EST analysis, with no large differences between humans and other animals [2] . Alternative splicing is thought to be an essential source of new exons or altered functions, based upon the widespread existence of splice variants [3, 4] . The availability of large EST and mRNA data sets permits large-scale analyses which estimate that as many as 60% of human and mouse genes undergo alternative splicing to create multiple transcript isoforms [5, 6] which is typically postulated as a potential mechanism to explain how a large variety of proteins can be achieved with a relatively small number of genes [7] , ultimately explaining the paradox between gene content and the complexity of organisms.
Currently, various patterns of alternative splicing have been reported, but the regulatory mechanisms that modulate these patterns are still poorly understood [8] . In recent years, alternatively spliced internal exons of intronic sequences originating from transposable elements (TEs) have been widely documented in various species [9, 10] . TEs are mobile repetitive sequences that make up large fractions of mammalian genomes, including at least 45% of the human genome [11] and 37.5% of the mouse genome [12] . Although TEs are selfish genetic elements primarily interested in their own reproduction, they have contributed substantially to genome evolution. Besides contributing large amounts of DNA to many genomes, they also provide new genes and new exons [13] . The TE sequences are inserted into introns, and then gain mutations that allow the transcription splicing machinery to recruit part of the inserted TE into the mature mRNA sequence [14] . Most exonization of TEs generates internal exons that are alternatively spliced [14] . The insertion of TEs into mature mRNA may cause a genetic disease or contribute to protein variability in the genome [15] [16] [17] . Since the sequences are mostly intronic, TEs have been assumed to be spliced out, not affecting target gene expression. However, recent studies have shown that TEs could affect protein sequences, splicing patterns, and expression of human genes [18] . For example, the human LEPR 219.1 internal exon is derived by the integration event of the SVA element. Its expression activity was identified in fetal liver and CD34+ hematopoietic stem cells on the RNA level [19] . This insertion of TEs into a cellular gene resulted in a newly acquired protein coding sequence (CDS) with possible consequences for its function in leptin induced signal transduction. Therefore, insertion of TEs might be one important reason for the high frequency of alternative splicing in protein-coding genes [20] .
Until now, only a small number of TEs have been identified as functional on the basis of CDS, enhancers, and promoters [21, 22] . Consequently, various large scale studies have been undertaken recently, aimed at the exhaustive identification and analysis of alternative splicing events [23] . We have used bioinformatics analyses of splicing of TE sequences to extend our understanding of the processes involved in internal exons. To better understand the evolutionary and functional significance of TEs, we conducted large scale analyses of internal exons in human, mouse, and zebrafish genomes. Also, the evolutionary pathways of the new internal exon derived TEs were investigated using human, mouse, and zebrafish genomes and bioinformatics tools.
Results and discussion

The procedure for systematic identification of internal exons
As an initial dataset, we collected publicly available and reliable human transcripts (mRNA, EST) to human genome alignment, mouse transcripts (mRNA, EST) to mouse genome alignment, and zebrafish transcripts (mRNA, EST) to zebrafish genome alignment from the University of California Santa Cruz (UCSC) Genome Browser Database (GBD). With the initial dataset, a filtering procedure was conducted for identification of internal exons (Fig. 1) . In our analysis, we designated "internal exons" as specific exon types flanked by other exons at the 5' or 3' side ( Fig. 2 ). An internal exon was defined as an exon embedded between two introns. With this filtering procedure, single-exon transcripts harboring gene loci were removed and multiexon genes harboring gene loci were kept. An internal exon was classified as an alternative internal exon if there was at least one sequence that contained three exons, and one sequence that contained both flanking exons, but skipped the middle one. Based upon previous research, the length of exons rarely exceeds 3000 bp; thus, we limited our search to internal exons shorter than 2000 bp [24] .
In our results, intriguingly, variant TE-spliced exons size was observed (86.6 bp in human, 70.1 bp in mouse, and 22.2 bp in zebrafish). However, Berget et al. showed that average internal exons are 137 bp in length by investigation of vertebrate genomes [25] . These discordances of exon length could be explained by the discovery of TE-related exons and micro-exons [26] . Remarkably, SINE elements in human and mouse genome harbored the typical splicing sites. However, DNA transposons found in zebrafish did not show the splicing sites. Thus, species specific TEs and their different natures could explain the major differences of TE-spliced exons size. And also we found that very short exons (for example 3 bp in length), also known as micro-exons, occur in a large number of TE-spliced exons in human, mouse, and zebrafish genomes. We developed a semiautomatic pipeline to identify TE-spliced and non-TE-spliced exons from identified internal exons. Fig. 1 details the notable steps in our pipeline and the data kept at each step. A homology search of identified internal exons against the TE sequences yielded 26,020 exons in human, 7780 exons in mouse, and 2614 exons in zebrafish as TE-spliced sequences. The remaining internal exons (17666 in human, 6257 in mouse, and 1385 in zebrafish) are classified as non-TE-spliced exons.
The recent genome-wide analysis of alternative splicing used prefiltering of canonical splicing accept and donor sites [27] . Therefore, we adopted splicing site-originated rules to filter the data sets. Boundary genomic sequences of each identified TE-spliced and non-TE-spliced exon were analyzed with consensus splice donor and accept site sequences in the neighboring genomic sequence. Based upon an analysis of the literature, we took only those cases in which both introns agreed with the canonical splice site (GT/AG, GC/AG, AT/AC) or non-canonical splice site (GG/AG, CT/AG, GT/CG, GT/TG, AT/AG, GA/ AG, GT/GG, TT/AG, GT/AC) [27] . Finally, a TE was considered exonized if it was found within an exonic part of an EST or mRNA sequence (except the first or last exon of the EST/cDNA), and possessed canonical splice sites. The majority of TE-spliced exons occur in genomic loci not annotated as genes by the known reference sequence (RefSeq) gene database. Under the rules designated above, 11383 of 26020 TE-spliced exons and 6091 of 17666 non-TE-spliced exons were identified in human gene sets, 3548 of 7780 TE-spliced exons and 2309 of 6257 non-TE-spliced exons in mouse gene sets, and 926 of 2614 TE-spliced exons and 483 of 1385 non-TE-spliced exons in zebrafish gene sets. Of course, these sets represent only a fraction of the real number of internal exons in the genome. Because we searched only for internal exons flanked by introns that are not covered by RefSeq mRNA sequences, we may have missed introns masked by contaminated ESTs.
In our final step, we investigated types of alternative internal exon events occurring in our gene data sets from human, mouse, and zebrafish genomes. As shown in Fig. 2 , we classified the internal exons into five types: TE-spliced exons, TE-SA (accept splicing site) spliced exons, TE-SD (donor splicing site) spliced exons, exon-containing TE-spliced exons, and non-TE-spliced exons on the basis of the effects of their internal exon splicing event within the known gene. In TE-spliced exons, TE-SA spliced exons, and TE-SD spliced exons, splicing events of internal exons occurred by TE-derived accept or donor site sequences. An exonization can occur if the TEs contribute only a 5'ss or 3'ss to the exon or by using both intrinsic 5'ss and 3'ss within the TEs. We analyzed the splicing patterns of TE-derived exons in the three species that contain TE-derived exons. Analysis was based on alignment data between transcript sequences and their corresponding genomic regions. However, other types of internal exons occurred by non-TE-derived accept or donor site sequences. In our data, 43.6%, 40.0%, and 59.6% of the exonizations in human, mouse, and zebrafish, respectively generated TE-spliced internal exons. The numbers of the different splice forms of TE-spliced exons in human, mouse, and zebrafish are shown in Fig. 2 .
Intriguingly, comparison of the ratio of these types of internal exon splicing patterns in relation with TE sequences showed that TEderived types (TE-spliced exons, TE-SA spliced exons, and TE-SD spliced exons) had a higher proportion in human, mouse, and zebrafish genomes. In the majority of cases, the alternative 5′ splicing site or 3′ splicing site was generated when an exon was alternatively elongated as a result of an alternative 5′ or 3′ splicing site selection within the TE. Comparison of allocations of these types of internal exon splicing patterns among TE-spliced internal exons and non-TEspliced internal exons showed that TE-spliced exons, TE-SA spliced exons, and TE-SD spliced exons had higher proportions in human, mouse, and zebrafish genomes; however, the ratio of exon-containing TE exons was lowest among the four internal exon types. We found a much higher level of TE exonization in the mRNA splicing machinery than TE insertion in the transcriptome.
Genome wide analysis of TE-spliced exons within the mRNA sequence of three genomes
To evaluate the relative effect of TEs on the transcriptomes of human, mouse, and zebrafish, we analyzed the whole genome of three vertebrates. To calculate the total number of TEs in each genome, the number of TEs in the genic region, and within mRNA sequences, we downloaded cDNA alignments and repetitive element annotations for these three genomes from the UCSC GBD. Remarkably, the portion covered by TEs is different for each genome. This important difference is related to the types of TEs observed (Supplementary Table 2 ). In mouse and human, SINEs are the most abundant TEs. However, the fly genome did not harbor SINE elements. In the zebrafish genome, DNA transposones account for 80% of all TEs. The human genome is 10% larger than the mouse genome, and eight times larger than the Fugu blowfish genome, although these three genomes have a similar number and repertoire of genes [28, 29] . Much of the size differences can be attributed to insertions of lineage-specific TEs in introns and intergenic regions. The lineage specific contents of different TEs could have an effect on the different spectrum of TE-spliced exons in human, mouse, and zebrafish genomes. These results suggest that new TE-spliced internal exons are significantly involved in the evolution of gene expression in these species. Furthermore, our analysis shows that the influence of TEs on the transcriptome is not limited to the creation of new internal exons from intronic TEs.
Distribution of internal exons within human, mouse, and zebrafish genomes
To investigate the evolutionary landscape of the internal exons, we searched the annotation of three different genomes. A list of internal exons in the human, mouse, and zebrafish known gene regions were collected using annotations from the UCSC GBD. First, we divided internal exons into two major groups: TE-spliced exons (11383 in human, 3548 in mouse, and 926 in zebrafish) and non-TE-spliced exons (6091 in human, 2309 in mouse, and 483 in zebrafish) according to the fusion of TEs in the exon regions. Next, we classified internal exons into three types, 3′UTR, 5′UTR, and CDS according to the genome location using genomic mapping data from the UCSC GBD. Internal genic regions were considered to be internal based on annotations of known genes in the UCSC GBD and the fact that they were internal within the cDNA/EST. The TE position within the gene (UTR or CDS) and the exon phase were calculated based on known genes table annotations of the gene start and end positions, as well as CDS start and end positions. Table 1 shows the distribution of the internal exons in 5′UTR, CDS, and 3′UTR in relation to non-TE-spliced and TE-spliced exons from the known gene annotation. To create Table 1 shows the distribution of the exonic TEs, TE-spliced exons, and non-TE-spliced internal exons in 5′UTR, CDS, and 3′UTR from the known gene annotation. Interestingly, the exonic TEs in human, mouse, and zebrafish were predominantly spliced within 3′ untranslated regions. However, TE-exonized exons indicated the predominant proportion of CDS region. These differences could be a result of the different data sets of initial exon sequences. We only used internal exons embedded with two different exons (terminal exons removed). The results clearly show that different genic region have different levels of alternative spliced TE-exons, and exonic TEs and TE-spliced exons also show comparable levels of alternative spliced TE-exons. Obviously, TEs occupy a lower percentage within the 5′UTR regions in human, mouse, and zebrafish than exonic TEs in the 3′UTR regions. In the case of humans, 7768 copies of TEs are observed in the protein coding genes [30] . However, functional analysis of TEs in the protein coding regions was not performed and their functional roles are unknown. In our analysis, we could determine the functional role of TEs inserted in the vertebrate genome by affecting mRNA splicing machinery. These effects can be directly linked to the shift from constitutive to alternative splicing during primate evolution.
Specifically, internal exons are clearly more abundant in TE-spliced exons than non-TE-spliced exons. Our results showing the remarkable enrichment of TE-spliced exons compared to non-TE-spliced exons suggests the important roles of TEs in the enhancement of gene diversity. These patterns in our results are also explained by previous TE-related analysis which found that consensus sequences of TEs contain splicing sites, making TEs more prone to exonization [31] .
There is a significant enrichment of internal exons in the CDS region compared with the 5′UTR and 3′UTR regions. Of these, approximately 52.3% of TE-spliced exons were located within the protein coding region (50.11% in human, 47.75% in mouse, and 59.26% in zebrafish), about 9.5% of TE-spliced exons within the 5′ untranslated region, and about 1.8% of TE-spliced exons within the 3′ untranslated region. Interestingly, in the CDS region, the proportion of TE-spliced exons is nearly twice as high as non-TE-spliced exons. In addition, these patterns were well conserved in our data sets of human, mouse, and zebrafish genomes. Furthermore, there is significant enrichment of TE-spliced exons in 5′UTR compared to 3′UTR. We chose to work with internal exons because the prediction of terminal exons using EST and cDNA sequences alignments is problematic. Although these results looked as to be in conflict with previous reports stating that most expressed TE sequences are found within the 3′ untranslated regions of transcripts [32] , our finding is not surprising given that the 3′ untranslated region are mostly found in the terminal exon, which was removed in our analysis. Alternatively spliced internal exons that did not originate from TEs are found at the rate of 5148, 2309, and 483 in human, mouse, and zebrafish, respectively. Significant differences were observed between non-TE-spliced exons and TE-spliced exons (Supplementary Table 1 ). These results imply that most new exons tend to occur within TEs in the introns of genes. For example, over 90% of new exons in humans are from TE sequences, with the primate specific Alu SINE responsible for 62% of these events [24] . Similarly, 65% of new exons in rodents are derived from repetitive elements [33] . New exons originating from TE sequences were also identified in the zebrafish genome [34] . Despite the dominance of TEs in the production of new exons, exonization of non-TE sequences occurs at a non-negligible rate [34] .
Various mutation mechanisms including substitution, duplication, gene conversion, deletion, translocation etc., were investigated for the enhancement of gene or genome diversity. However, our large scale analysis of TE-spliced exons in human, mouse, and zebrafish genomes suggests that their major role in relation to gene or genome diversity lies specifically in the protein coding region by providing lineage specific TE-related DNA sources from a single gene.
Transposable elements in internal exons
Since TEs have been implicated as giving rise to new internal exon sequences, we investigated TE sequences in internal exons. First, we analyzed the splicing sites of TE-spliced exon types among internal exons in human, mouse, and zebrafish genomes using annotations from the UCSC GBD. We identified six basic donor-accept splice sites: AG/CT, AG/GA, AG/GC, AG/GG, AG/GT, and AG/TT. Among them, the splicing site of AG-GT was the most dominant. To investigate the association between splicing sites and specific TE families, we extended our analysis to all classes of TEs including SINE, LINE, LTR, and DNA elements. Previous research indicated that SINE families, specifically Alu elements, appeared frequently within the CDS region of human transcripts by providing canonical splicing sites [24] . Our analysis of TE-spliced exons also showed the unique contribution of the SINE family in human and mouse genomes (Table 2) . However, TE-spliced exons in the zebrafish genome revealed the unique role of DNA elements. Specifically within the zebrafish genome, TEs have not yet been well characterized with regard to mobilization activity and number of insertions within genes and genome.
We extended our investigation by assessing the copy number of all TE families currently recognized in the human genome. Copy numbers were calculated from the RepeatMasker tables of the February 2009 assembly of the human genome, available through the UCSC GBD. We found that two subfamilies, AluS and MIR, are predominant in the human SINE family population ( Table 3 ). The oldest Alu sequences of Alu-Jo and Alu-Jb elements are estimated to be 65-80 million years old, and the youngest Alu-Y class is about 15 million years old. The most abundant in the genome is the 30-50 million-year-old Alu S subfamily and in particular its Alu-Sx member. Older subfamilies of AluJ, AluS, and MIR are significantly over-represented in the gene region, whereas younger subfamilies of AluY are under-represented [35] . These results could be explained by two factors. First, Alu and MIR elements make up about 54.9% of the SINE family in the human genome; therefore, this high frequency could be related to their over-representation in internal exons. Second, Alus and MIRs are also relatively ancient elements, meaning these elements might have been exposed to multiple opportunities to be internal exons by mutation pressures during the evolutionary period [24] . As shown in Table 4 , individual tendencies for internal exons of different TE subfamilies were also investigated. It has been recently reported that all TEs have approximately the same exonization levels with the exception of SINE elements, which are almost three times higher than other TE families [36] . Our results indicated a higher frequency of older subfamilies of TEs than younger subfamilies among TE-spliced exons in the human genome. TEs also showed a higher frequency in the human genome (Table 4) . Generally, most TEs present in the human genome are defective due to multiple accumulations of various mutations. Therefore, the bias toward older subfamilies in the set of TE-spliced exons in the human genome might reflect the accumulation of frequent mutations which were necessary for the creation of a functional splice site within the TEs. In other words, original characteristics of TEs could be changed from harmful and foreign DNA sequences to useful genomic materials for the enhancement of limited gene sources by creating internal exons over time, after which they can be regarded as a gene [24, 37] . The mechanism of gene-like evolution derived from an old TE could be one of the main sources of genome diversification through the use of limited resources. TEs could have a strong impact on the evolution of the genome by providing unlimited resources for gene diversity. Recent research indicated that most Alu-derived exonization events occurred by the integration of antisense orientation by providing potential splicing sites [32] . Our analysis also showed that most TE-spliced exons involve the minus strand. This suggests that for TEs, although insertion can potentially occur in either strand, exonization occurs mainly in the opposite strand. Previous reports indicated that the uneven distribution of TEs between plus and minus strands are probably due to the fact that TEs in the minus strand contain more functional motifs, such as splicing sites, than the plus strand [38] . Therefore, integration events of TEs into the intron region with antisense orientation following mutations from non-canonical splicing sites to canonical splicing sites could make parts of the TE sequences into the original exon genes.
Careful comparative analysis of potential splicing sites and adjacent sequences of TE-spliced exons strongly indicates the important roles of TEs for creating internal exons in human, mouse, and zebrafish genomes. All TEs contribute many potential splice sites both in their sense orientation and in their antisense orientation [36] . Most of the new internal exons are exonized from TEs in intronic sequences. These new internal exons originated from unique TEs in intronic sequences. However, in the human, mouse, and zebrafish genome most exons came from highly repeated sequences. An explanation for this discrepancy might be that the main source of these differences is the higher level of TEs within human, mouse, and zebrafish introns, along with the extraordinary high level of exonization. Our work has important implications for understanding the mechanisms involved in creating new exons and functional diversity within limited DNA sources during evolution of the genome. Our results demonstrate the importance of TEs in shaping both the human, mouse, and zebrafish transcriptomes in many different ways. These results provide a detailed, genomewide picture of new exon creation.
Materials and methods
Data source
We used the publicly available mRNA and EST to genome alignment data from the University of California, Santa Cruz Genome Browser Database (hg19, mm9, and danRer6). These alignments were produced by Blat by using mRNA and EST databases filtered to remove vector sequences and the genome (human, mouse, and zebrafish).
Identification of TE-fusion internal exons
The EST and mRNA to genome alignment data and the genome sequence assemblies were downloaded from the UCSC GBD in hg19, mm9, and danRer6. The EST and mRNA to genome alignments were extracted from the tables all_mrna (human, mouse, zebrafish) and all_est (human, mouse, zebrafish). A genome-wide analysis of TE-spliced alternative splicing events was conducted on the genome. First, mRNA transcripts and reference genes were grouped into clusters on the genome if they mapped onto the same genomic region, were orientated on the same strand, and had overlapping sequences. Within each cluster, members were further grouped according to their gene structures. Using a genome-wide analysis of EST and mRNA transcripts, a set of internal exons found in all detected splice variants of the gene was created. We chose to work with internal exons because the prediction of terminal exons using EST alignments can be problematic. In this set of alternative exons, we searched for internal exons of alternative splicing containing three exons separated by two introns. The locations of internal exons (flanked by both 5′ and 3′ exons) in genes were taken from the UCSC KnownGenes database. Also, a valid alignment had to have more than 98% identity, and all identified exons must have been flanked by canonical splice sites. The locations of TEs in the human genome were downloaded from RepeatMasker annotation of the UCSC GBD. To accommodate small errors in alignment that occur at the edges of the alignment blocks, overlaps of up to 25 bp between the exon sequence and the TEs were allowed.
Analysis of the types of TE-fusion internal exons
The genomic locus of the TEs and internal exon information on the splicing structure of mRNA/ESTs were calculated from their positions within the genes. TE fusion was interpreted as an overlap relationship of TEs and mRNA/ESTs within the genes. As shown in Fig. 2 , TE-internal exon fusions were classified into four types of TE-spliced exons: TE-SA spliced exons, TE-SD spliced exons, exon-containing TE-spliced exons, and non-TE spliced exons, on the basis of the effects of their insertion in the genes. Only the positions of the canonically spliced introns and non-canonical spliced introns that obeyed the GT/AG, GC/AG, AT/AC, GG/AG, CT/AG, GT/CG, GT/TG, AT/AG, GA/AG, GT/GG, TT/AG, GT/AC rule were considered [27] .
Conclusion
In summary, we developed a semiautomatic procedure for systematic identification of TE-spliced exons and non-TE spliced exons in human, mouse, and zebrafish genomes. Interestingly, in the protein CDS region, the proportion of TE-spliced exons was nearly twice as high as the proportion of non-TE-spliced exons. The mechanism of gene-like evolution derived from a TE could be one of the main sources of genome diversification through the use of limited DNA resources. TEs could have a strong impact on the evolution of the genome by providing unlimited resources for gene diversity.
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